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Abstract
The present work describes research conducted on the fretting behaviour of S 355 MC galvanised steel sheet. In order to study the
influence of the normal load and the displacement effect, some of the specimens were galvanised by hot dipping and the rest were only
polished before being tested. Fretting tests were carried out on a specially developed fretting rig prototype under ‘crossed-cylinders’ contact
geometry. Tests were done during 0.72× 106 cycles in laboratory air conditions. The tangential force and the displacement were measured
in order to establish the fretting cycles for each fretting condition. The fretted surfaces were analysed by means of optical and scanning
electron microscopes to identify the main wear mechanisms. Three different fretting regimes were identified: the stick regime; the slip
regime; and the mixed stick–slip regime, which depended mainly on the influence of the normal load and the stroke. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Fretting is a phenomenon found in many technical
systems when contacts are affected by small amplitude
vibrations. Syntheses by Waterhouse [1], Bill [2] and
Vincent et al. [3] have shed light on our understanding of its
characteristics. Experimental work has been carried out on
both bulk materials and on coated ones, and some authors
have used Mindlin and Deresiewicz’s [4], and Hamilton
and Goodman’s [5] approach to describe the contact. Its
main limitation is that its application is restricted to materi-
als with linear elastic behaviour. There is a lack of models
for coated materials that can be easily and widely used
to describe the tribo-contact behaviour more accurately.
Experimental work is thus the most suitable solution to
describe the fretting behaviour of coated materials and to
achieve their corresponding fretting maps.
Galvanising is a surface treatment widely used to protect
steel sheets used in the automotive industry [6], and hot dip-
ping has become the solution for protecting cars’ structure.
Considering that a vehicle’s structure has many bolted and
riveted joints to connect various parts to the main frame,
which is submitted to dynamic loads, fretting is a potential
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type of damage, occurring isolated or acting to accelerate
fatigue. As far as the authors are aware, little work has been
done on this subject [7].
In the present work, the influence of the fretting stroke and
the normal load on the fretting behaviour were both consid-
ered in order to analyse the wear mechanisms of the selected
materials and to build up the corresponding fretting maps.
2. Experimental procedures
2.1. Materials and fretting specimens
The test specimens were machined from S 355 MC steel
sheet (EN 10149) to the dimensions of 12 mm×7 mm×3 mm
with one 12 × 3 face machined to a cylindrical surface
of 12.5 mm radius. The specimens were divided into two
groups, one group was hot dip galvanised at 450 ◦C, and, as
a result, a film with a thickness of approximately 130m
was deposited. Both types of specimen were polished; the
coated specimens to a surface roughness of Ra = 0.25m,
and the uncoated ones to Ra = 0.34m. The S 355 MC cold
hardened steel sheet had an ultimate strength of 459 MPa,
a yield stress of 352 MPa and a hardness of 131 HV30. The
micro hardness value measured at the surface of the coating
was 80 HV0.05.
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Fig. 1. Prototype fretting rig.
2.2. Fretting rig
The fretting tests were carried out on a specially devel-
oped fretting wear rig, schematically shown in Fig. 1. The
influence of the various fretting parameters and the state
of the art of this type of test machine were borne in mind
during the development of this rig. This test machine is an
imposed displacement type, which uses an electromagnetic
actuator to apply a displacement between test specimens.
Even though the specimens tested in the work described
here had a specific geometry, specimens with a variety of
forms and dimensions can be tested in this test rig. The
maximum value of the fretting stroke depends on the test
frequency and on the friction force amplitude. The maxi-
mum typical values used on the rig are 200m (at 200 Hz).
The lower specimen can be heated by resistive heaters to
allow high temperature tests. A closed chamber and a suit-
able control system permits tests to be carried out while
changing and controlling the relative humidity.
The fretting rig consists of three main units: the control
unit, the test unit and the data acquisition and processing
unit. An Instron controller comprises of a control unit, with
a feedback signal from a LVDT transducer that provides
a PID control on the fretting stroke. The test unit consists
of an electromagnetic actuator rigidly connected to the up-
per specimen by means of an arm and a specimen holder.
The normal load is imposed on the upper test specimens
by means of a spring compressed by a spindle, supported
by a rigid frame. The system that applies the normal load
includes a force sensor to measure the imposed normal
load. The lower specimen is supported on a thermally and
electrically insulated table to allow the measurement of the
electric contact resistance. This table is separated from the
main frame of the machine by vertical blades that restrict
two degrees of freedom so that a piezoelectric load cell
can read the effective tangential force in the contact of the
fretting pair. An isolation chamber allows the imposition of
different test atmospheres, including the control of relative
humidity. The data acquisition unit allows the on-line ac-
quisition of the fretting parameters that are being measured
by the sensors, and also their subsequent processing.
2.3. Fretting tests
The fretting tests were carried out under the conditions
given in Table 1, using crossed cylinder geometry with a
radius of 12.5 mm on both surfaces. Prior to testing, the
specimens were cleaned using a solvent solution. In order
to identify the most promising conditions, a preliminary set
of tests was carried out to check different values of fret-
ting frequency, displacement amplitude and normal load.
A more exhaustive series of tests was subsequently under-
taken to study the effect of the normal load and the fretting
stroke on the two tested pairs. The wear scars were assessed
Table 1
Fretting test conditions
Normal load (N) 2.5–30
Fretting stroke (m) 4–100
Frequency (Hz) 100
Test duration (cycles) 0.72 × 106
Temperature (◦C) 22 ± 3
Atmosphere Laboratory air
Relative humidity (%) 50 ± 5
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Table 2
Contact stresses
Normal load (N) ∅ Hertz contact (m) σmax (MPa) σmax/σ c
Non-coated Galvanised Non-coated Galvanised Non-coated Galvanised
2.5 119.7 130.1 333 198.5 0.946 5.364
5 150.8 162.2 420 250.1 1.193 6.758
10 189.9 202.0 529 315.0 1.503 8.515
20 239.3 251.9 667 396.9 1.895 10.728
30 274 285.4 763 454.4 2.168 12.228
using two- and three-dimensional profilometry to evaluate
their transversal area, and optical and scanning electron
microscopy (SEM) were used to identify the morphology
of the wear surfaces.
The normal load used in this study ranged from 2.5 to
30 N and the Hertz maximum pressure at the start of the
tests varied from 330 to 760 MPa, Table 2. The radius of
the Hertzian contact of the galvanised specimens have been
corrected, using Halling’s approach [8], to take into account
the effect of the zinc film. In the calculations of the contact
stress, the following values of the yield stress and of elastic
modulus have been considered: for the substrate 352 MPa
and 210 GPa, and for the zinc film 37 MPa and 96.5 GPa
[9]. Therefore, in the most of the tests the contact pressure
is significantly larger than the yield stress.
In order to establish the test conditions suitable for
undertaking this fretting study, it was verified beforehand
that the size of the elastic contact, calculated according to
the Hertz theory, was substantially larger than the imposed
fretting stroke, in the different test conditions, Table 2.
3. Results and discussion
3.1. Normal load
In order to study the effect of the normal load on fretting
behaviour, a set of tests was carried out on both uncoated
and galvanised steels. The fretting strokes were constant for
all the tests, having a value of 20m, and the parameter
under study, the normal load, ranged from 2.5 to 30 N. The
wear scars revealed three different morphologies. For the
higher values of the normal load, neither the galvanised
nor uncoated steel, showed any trace of damage. For the
intermediate values of the normal load, the scars exhibit
maximum wear at the contact borders and minimum wear at
the centre, thus the wear surfaces have an annular shape, as
represented in Fig. 2. For the smallest values of the normal
load, however, the wear was more intense and extended to
the whole circular contact area (Fig. 3). The assessment of
surface topography that is represented in Fig. 4 confirms
the features observed with the scanning microscope. Fig. 5
summarises the role of the normal load on the damage fea-
tures observed on the wear scars for the uncoated and for the
galvanised steel.
Fig. 2. SEM of a 5 N and 20m fretting test scar.
During the fretting tests, the values of the tangential
force and the relative displacement of the tribo-pairs were
recorded in order to build up the corresponding fretting
cycle. In Figs. 6 and 7, the fretting cycles of the 2.5 N and
30 N normal load condition tests are presented. For both gal-
vanised and non-galvanised materials, the tests carried out
with a load of 2.5 N reveal an evolution of the cycle shape
from a more elliptic shape on the first cycles to a trapezoidal
form on the final cycle of the test. Otherwise, for the tests
carried out with higher values of the normal load, the shape
of the fretting cycles remain elliptic during the entire test.
Vingsbo and Sodërberg [10] mapped the sliding domains
that correspond to different contact interacting conditions.
Three contact regimes have been identified, which are as
follows:
• stick regime, corresponding to a quasi elastic contact, thus
a non-dissipating regime;
Fig. 3. SEM of 2.5 N and 20m fretting tests scars.
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Fig. 4. Three-dimensional topography of a non-galvanised specimen for a 10 N and 20m fretting test (a) and three-dimensional topography of a
non-galvanised specimen for a 2.5 N and 20m fretting test (b).
• partial slip regime, characterised by slip at the border
of the contact area, with a small quantity of dissipated
energy;
• gross slip, where the slip is spread over the entire contact
area with significant amounts of dissipated energy.
Vincent et al. [3], combined the maps of the fretting
regimes with the material response and concluded that there
are two main damage mechanisms, the wear induced by
Fig. 5. Schematic representation of the damage features for the various
normal load conditions tests () damage on the whole contact extent;
( ) damage on the outer contact annulus; () no damage.
debris formation, occurring mostly in the gross slip regime,
and cracking formation in the stick regime. In the mixed
regime, there is competition between these two regimes, and
the surface is worn in an annular area corresponding to the
outermost part of the contact area.
The results of our work, therefore, agree with the main
published results. According to the elastic model of con-
tacting spheres (Mindlin [4]), the stroke value, δt, that
corresponds to the transition from partial to gross slip, can
be calculated by the expression (1). This expression shows
that the transition value is linearly proportional to the fric-
tion coefficient and to the normal load, thus justifying the
results obtained
δt = 3µP8a
(
2− ν
G
)
(1)
where δt is the stroke value corresponding to the transition
from partial slip to gross slip, µ the friction coefficient, a
the Hertzian contact radius, P the normal load, ν and G
are the Poisson coefficient and the shear elastic modulus,
respectively.
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Fig. 6. Fretting logs corresponding to the 2.5 N load condition tests for the non-galvanised (a) and galvanised (b) specimens.
In spite of the agreement between the trend of the exper-
imental results and the predicted by Mindlin’s model, there
is a significant difference in the stroke value corresponding
to the threshold of gross slip. The main reason for that
difference is the effect of the compliance of each exper-
imental system that leads to an increase of the measured
displacement relatively to the actual ones.
The amount of wear was evaluated by taking the middle
profile of the scar, as represented in Fig. 4, and measuring
its transverse area. The results, represented in Fig. 8, show
that both tested materials exhibit the same behaviour. For the
lowest value of the normal load, 2.5 N, the amount of wear
is at a maximum, afterwards it drops significantly as the
normal load increases, remaining constant when the applied
load is greater than 10 N.
The area of the fretting cycles, Figs. 6 and 7, corresponds
to the work exercised by the friction force; as such, it is
a measure of the input energy in the system and has been
correlated with the quantity of worn material by Campbell
et al. [11]. This concept is now often used to study differ-
ent materials [12–15]. When related to the amount of wear
(Fig. 9), the total energy dissipated by the friction force
shows that only for the lower values of the normal load
applied, corresponding to the gross slip regime, does the
total energy have a significant value.
As expected, for the higher values of the normal load,
where a mixed fretting regime has been identified, the
dissipated energy remains virtually ignored, corresponding
to a conservative contact. For the low values of dissipated
energy arising from the contact conditions used in the study
of the normal load, both the coated and uncoated specimens
obey the same law.
3.2. Fretting stroke
Besides the normal load, the amplitude of the relative
displacement is certainly the operation parameter with the
stronger effect on the fretting behaviour. To study the effect
of the displacement amplitude on the fretting behaviour of
galvanised and non-coated steel, fretting tests were carried
out, keeping the normal load of 20 N constant and applying
a displacement amplitude that ranged from 4 to 100m.
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Fig. 7. Fretting logs corresponding to the 30 N load condition tests for the non-galvanised (a) and galvanised (b) specimens.
The morphology of the wear scars reveals that the three
types of feature identified previously, under the normal
load effect, also occur when the stroke is varied. Thus,
for the highest value of stroke, the wear extended to the
Fig. 8. Transversal area of the centre of the fretting scars for the various normal load condition tests.
whole contact circle, whereas for the lower displacements
no damage was observed. A damage mechanism charac-
terised by annular wear at the edges of the contact circle has
been identified for the intermediate values of the relative
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Fig. 9. Wear vs. energy for the various normal load condition fretting tests.
displacement. Fig. 10 summarises the influence of the
relative displacement on the morphology of the wear scars
for both galvanised and non-coated steel.
As regards the normal load, the displacement change
has had an important effect on the fretting cycles. With
increasing displacement amplitude, the fretting cycles var-
ied from a linear and closed shape to a more open and
almost trapezoidal shape (Fig. 11). The amounts of wear
were evaluated and the results are shown in Fig. 12. For the
smaller displacements, up to 16m, there is no damage.
Above this value, there is a slight rise in wear with dis-
placement increase up to 50m, and a marked increase in
the transversal area of the wear scar for the biggest value of
the displacement. Fig. 13 gives a plot of the transversal area
of the wear scars as a function the total dissipated energy.
Two zones can be identified; the first corresponds to values
of the displacement amplitude up to 50m, which agrees
very well with a linear relationship for the semi-logarithmic
scale used. This zone shows a slight increase in wear with
the dissipated energy. However, the test with the highest
value of displacement results in a striking increase in wear.
Qualitatively, the results obtained agree very well with
what was predicted by the Mindlin and Deresiewicz’s model
[4]. So, taking the results presented earlier into account, for
stokes above 50m the fretting regime changes from partial
slip to gross slip, with a significant increase in the dissipated
energy and amount of wear. Similar results were achieved
by Campbell et al. for the fretting of pairs of ceramic steel
specimens [11].
Fig. 10. Schematic representation of the damage features for the various displacement condition tests () damage on the whole contact area; ( ) damage
on the outer contact annulus; () no damage.
Concerning the role of the zinc film, no significant change
was achieved in the fretting behaviour. When the dissipated
energy reached high values, however, the amount of wear
resulting for the coated surfaces was higher than for the
uncoated ones. This was probably due to a combination of
the lower hardness of the zinc coating and the effect of the
iron oxide layers formed on the uncoated surfaces, leading
to a decrease in the friction force (Fig. 11).
The shape of the obtained fretting loops is more rounded
than it is usual for gross slip regime. Three main reasons
can explain this particular shape, which are as follows:
• The effect of the compliance of the systems drops the
slope of the elastic part of the fretting regime.
• The inertia of the moving parts smooth the suddenly tran-
sitions occurring on the begin and on the end of the slip,
rounding the corners of the loops. This effect is empha-
sised for high frequency tests.
• Most of the tests have been done in elasto-plastic contact
conditions. A recent study [16], shows that the plastic
deformation of the contact smooth the transition between
the stick and the slip parts of the fretting loops.
3.3. Wear mechanisms
As mentioned earlier, three fretting regimes were iden-
tified for the different test conditions. Different wear scar
features and different shapes of the fretting cycles charac-
terise each regime. For the stick regime, no damage appears
on the test surfaces, while for the slip regime the damage
206 M.C. Gaspar, A. Ramalho / Wear 252 (2002) 199–209
Fig. 11. Fretting loops for the various displacement condition tests (a) non-galvanised and (b) galvanised.
Fig. 12. Transversal area of the centre of the fretting scars for the various fretting stroke values.
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Fig. 13. Wear vs. energy for the various displacement condition fretting tests.
Fig. 14. SEM of a 20 N and 50m fretting test scar of a galvanised specimen.
Fig. 15. SEM of non-galvanised specimens for (a) 20 N and 50m fretting test and (b) 20 N and 100m fretting test.
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Fig. 16. Fretting map for the galvanised specimens.
Fig. 17. Fretting map for the non-galvanised specimens.
M.C. Gaspar, A. Ramalho / Wear 252 (2002) 199–209 209
extended over the total contact area. For the mixed stick–slip
regime, the damage occurred only at the borders of the con-
tact, causing an annular damaged area.
Damage was caused in the galvanised specimens by the
plastic flow of the film/coating, and only in some small
spots did iron oxides appear, where all the coating had been
removed (Fig. 14).
For the uncoated specimens, the damage was again caused
by plastic flow, with some localised iron oxide spots. These
features extend more or less throughout the contact surfaces,
depending on the fretting regime (Fig. 15).
3.4. Fretting maps
All the results studied and presented above make it
possible to construct a map of the normal load versus fret-
ting stroke, defining the different fretting regimes for each
type of material tested. These maps are given in Figs. 16
and 17, for galvanised and non-galvanised steels, respec-
tively. As the number of test conditions was not extensive,
it is not possible to confirm the exact separation of each
regime with a high degree of accuracy, however it does seem
that the mixed regime zone is smaller for the galvanised
surfaces.
4. Conclusions
This study makes it possible to conclude that for the dif-
ferent normal load test conditions, the galvanisation did not
significantly modify the fretting behaviour of the substrate,
either quantitatively or qualitatively. The results show that
for different normal load values, the fretting regimes did
change. The slip regime occurred for both the galvanised
and the non-galvanised specimens at the lower values of the
normal load, while for the highest loads the stick regime
occurred. For the intermediate values of load, the mixed
stick–slip regime was dominant.
The fretting stroke condition tests also permitted identi-
fication of three different fretting regimes. For the smaller
amplitude strokes, the stick regime was dominant and for the
highest strokes the slip regime prevailed. For all the other
stroke values, the mixed stick–slip regime was identified.
As for the tests on the effect of normal load, galvanisation
did not change the fretting behaviour of the substrate for the
different values of the fretting stroke.
As above demonstrated, the distinction between the differ-
ent fretting regimes is possible using different criteria, such
as the morphology of the fretting scar, the wear amount, the
shape of the fretting cycles and the friction energy.
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